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CARDIAC RESPONSES UNDER DIVERSE COMBINATIONS OF MARCHING
SPEED AND BACKPACK LOAD
P A Scott and C Christie
Ergonomics Unit, Rhodes University
ABSTRACT
Thirty seasoned foot-soldiers were exposed to a total of 16 combinations of marching speed and backpack load, each
soldier experiencing 8 of the combinations between 3.5km.h-1 with a 20kg load and 6.5km.h-1 with a 65kg load.  Detailed
physiological analyses were conducted, of which the heart rate responses are reported here.  Steady state was achieved
with all combinations under 5.5km.h-1 speed and 35kg load.  Excessively elevated heart rates were elicited by all loads
over 20kg at 6.5km.h-1 marching speed; by loads over 35kg at  5.5km.h-1 marching speed and by the 65kg load even at
4.5km.h-1 marching speed.
INTRODUCTION
As military conditions vary substantially from one operation to the next rigorous investigation is required to determine
optimal speed and load combinations.  It is well documented that the combined demands of marching speed and back
weight will affect the energy cost of marching  (Hughes and Goldman, 1970; Legg and Mahanty, 1986; Patton et al; 1991),
and it is evident that there are occasions when speed is the primary objective and other times when considerable loads
need to be transported.  However, no matter what the  requirements  may be, the ultimate objective is for the troop to be
combat-efficient at the completion of the march.  Therefore, as Knapik et al. (1996) and Quesada et al. (2000) emphasise,
the major concern of any march is to achieve minimal energy expenditure per unit of distance moved.  Numerous authors
have suggested that in order to minimise the energy cost of the march, the combined demands of marching speed and
load weight should not exceed 30 - 45% of maximal oxygen consumption (Astrand, 1967; Saha et al. 1979; Haisman,
1988).  Nevertheless  the effective combinations of speed and load required to fulfill the various military requirements
remains an enigma.
With an increase in backpack load there is an associated increase in heart rate, oxygen uptake and pulmonary ventilation
(Borghols et al., 1978; Bobet and Norman, 1984).  However, when investigating the relationship between speed and load,
results have shown that increases in speed impart the greatest influence on energy cost (Soule et al., 1978; Charteris
et al., 1989).  This may be associated with the findings of Maloiy and associates who, in 1986, first proposed the “free
ride” hypothesis, suggesting that loads below about 20 percent of body weight will not substantially increase the energy
cost of the task.  In addition, a recent investigation by Quesada et al. (2000) found  that even perceptual responses
remain unchanged for loads up to 15% of body mass.  Although the study by Maloiy et al. (1986) was conducted on head-
loaders, other authors have also reported that there is no significant increases in metabolic cost with loads up to 30kg
(Bobbert, 1960; Goldman and Iampietro, 1962; Soule et al., 1978), but as Soule et al. (1978) report,  with increasingly
heavy loads, the energy cost will continue to increase regardless of speed.
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When situations require high walking speeds and heavy backpack loads, there is a disproportionate increase in energy
cost (Hughes and Goldman, 1970).  Soule et al.  (1978) showed  that when a high speed (6.4 km.h-1) and heavy load
(70kg) were combined, subjects were working at 90% of their maximal oxygen consumption.  Numerous studies have
argued  that the optimal range, in terms of energy cost, should be maintained between 30-45% of VO2 max particularly
in terms of prolonged load carriage (Bink, 1962; Astrand, 1967; Saha et al., 1979; Haisman, 1988).   This range ensures
that soldiers will not fatigue prematurely and therefore be combat-ready on completion of marching.
Walking Speed
The efficiency of human locomotion varies as a function of walking speed and as speed of walking increases more
myofibrils are recruited in the muscles.  This demands increased amounts of energy and a greater oxygen (O2) supply
reflected as increased oxygen consumption (VO2).  Oxygen consumption rises rapidly during the first few minutes of
submaximal exercise and plateaus around the third or fourth minute (McArdle et al., 1996).  This plateau in the oxygen
consumption curve is referred to as “steady-state” and once this steady-state is achieved an individual can go on for
considerable time (Sagiv et al., 1994).  However, there are some who suggest that even when subjects are in a steady
state zone, energy cost will increase over time (Patton et al., 1991; Epstein et al., 1998).
Most people reach steady-state below 50-60% VO2 max after which oxygen consumption continues to rise (Casaburi et
al., 1987; Epstein et al., 1988; McArdle et al., 1996).  In terms of military marching therefore, attainment of steady-state
is essential when soldiers are required to undergo military marches of a prolonged duration. Military reports have erred
on the side of caution, and suggest that VO2 should not exceed 30-45% of maximal oxygen consumption in order to
lessen the effects of fatigue during prolonged load carriage (Astrand, 1967; Myles and Saunders, 1979 and Saha et al.,
1979).  At times, however, prolonged marches may not be the requirement, but rather what is needed is a short, intense
physical effort.  Knapik (1989) suggested that in such instances it would be acceptable for the demands of the task to be
shifted to 60% VO2 max.   However, Soule et al. (1978) suggest that if speed is maintained at 6.4km.h-1, even without
loads  being carried, soldiers are already working at 40% of VO2 max.  In their study loads up to 50kg were only tolerated
if walking speed was dropped to 3.2kmh-1.  Therefore, although many argue that speed has a greater influence on energy
cost, it would appear that both speed and load need to be manipulated in order to ensure that the soldier is not being
excessively strained.  In addition, the optimal speed of 4km.h-1, suggested by many authors (Cathcart et al., 1920; Soule
et al., 1978; Bunc and Dlouha, 1997), clearly needs  to be adjusted when different loads are being transported. Contrary
to these authors, McArdle et al. (1996) reported that the relationship between walking speed and oxygen consumption
is approximately linear between speeds of 3km.h-1 to 5km.h-1, while at  faster speeds it is argued that the relationship
curves in an upward direction indicating a greater caloric cost per unit of distance travelled. 
Charteris et al. (1989) argued that the energy cost of locomotion is not only a function of speed, but also of load carriage.
The linear increase in oxygen uptake, heart rate and pulmonary ventilation with increasing load was reported by Astrand
and Rodahl (1977) and later confirmed by other authors (Borghols et al., 1978; Bobet and Norman, 1984).  This linear
relationship between load and energy cost is different to the curvilinear relationship identified between speed and energy
cost (Soule et al., 1978; Bunc and Dlouha, 1997).  Therefore the clarification of the relationship between energy cost and
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speed/load combinations is essential in order to determine the most efficient combinations and thereby ensure that the
soldier is not excessively strained.
Load carried
It has further been demonstrated that the energy expenditure per kilogram of external load carried is equal to the increase
in energy expenditure of each  additional kilogram of body weight for loads up to  30kg (Goldman and Iampietro, 1962;
Hughes and Goldman, 1970; Soule et al., 1978).  Additional weight, whether ‘natural’ weight or an external load, results
in an increase in energy cost (McArdle et al., 1996).  Individuals of varying body weights will therefore be working at
different percentages of maximal oxygen consumption when performing the same task, an effect that is similar if an
external load is added.  Pierrynowski et al. (1981) therefore suggested that the carriers be given credit for carrying their
body mass.  Several studies have focused on relative backpack weights (Cathcart et al., 1923; Quesada et al., 2000;
Scott and Ramabhai, 2000). Despite this research most soldiers in a platoon are required to march with the same
absolute load regardless of individual differences in morphological make-up.
Speed-Load Combination
Numerous studies have investigated the metabolic cost associated with carrying a variety of loads at a wide range of
speeds over different terrain (Goldman and Iampietro, 1962;  Soule and Goldman, 1972; Soule et al., 1978).   In terms
of energy expenditure, the classic study of Soule et al. (1978) found  that the cost for carrying a given load is
approximately doubled when increasing speed from 3.2km.h-1 to 6.4km.h-1.  In 1991 Patton and associates reported that
at a speed of 4.9km.h-1 there was a significant increase in energy cost when load was increased from 31.5kg to 49.4kg.
Furthermore, both these studies showed a significant increase in energy cost when speed was increased above 5.5km.h-1.
Haisman (1988) found  that when load weight was increased their subjects, who were allowed to self-pace, automatically
decreased walking speed.  However, when load was decreased they walked at a faster pace and the energy expenditure
was the same as when the load was heavier.  Haisman demonstrated that when walking at a speed close to the natural
transition  to  running  but  with  no  load being carried the energy cost was more than carrying  60kg  while  walking at
3.7 km.h-1, and yet individuals perceived the latter combination to be more difficult.  Myles and Saunders (1979) also
found  that subjects  compensate for  heavier loads by  decreasing  walking speed.   In their study walking at  6.7 km.h-1
with a load equivalent to 10% of  body weight cost no more than walking at 5.9 km.h-1 and carrying 40% of body weight.
Earlier,  Hughes  and  Goldman  (1970)  reported that a load of 40-50% of body mass could be tolerated at a speed of
5 km.h-1; and Epstein et al. (1988) showed  that at a speed of 4.5 km.h-1 the energy cost of carrying 25kg (36% of body
mass) was constant over time.  Once load was increased to over 50% of body mass there was a significant increase in
energy cost.  However, recently Quesada et al. (2000) showed that at a higher walking speed (6 km.h-1) loads up to 30%
body mass could be tolerated with energy cost still remaining at approximately 40% of VO2 max.  Although speed was
shifted to a higher level in this study, the mean load carried was only 23.8kg and hence it is evident that speed and/or
load need to be adjusted depending on the military requirements.
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In the present project an attempt was made to include all possible extreme requirements of the army.  Hence the speeds
chosen ranged from 3.5 km.h-1 to 6.5 km.h-1 with loads between 20kg and 65kg.  Although the latter speed and load
combination may be considered excessive, there are times when soldiers, in extreme situations may be required to march
at high speeds with loads weighing as much as their own body weight.  Johnson et al. (1995) emphasised that irrespective
of speed and load platoons are required to complete all marches with minimum fatigue and discomfort in order to be
“combat ready”; although Soule et al. (1978) reported that individuals will be excessively strained under any extreme
conditions.  These latter authors reported that when walking at 6.4 km.h-1 with a 70kg load subjects were close to their
maximal oxygen consumption, thereby resulting in sub-optimal efficiency of the soldiers on completion of the march.
METHOD:
The purpose of this project was the determination of optimal speed and load combinations to meet varying military
requirements, and to identify the maximal acceptable load relative to speed and maximal speed with an acceptable load.
In contrast to the field study of Scott and Ramabhai (this issue), the present study was conducted under rigorously
controlled laboratory conditions, with all tests taking place in the Ergonomics Laboratory of the Department of Human
Kinetics and Ergonomics at Rhodes University. After several pilot studies and discussions with army personnel  four
speeds and four loads, identified as spanning the range of marching speeds and loads carried, were selected.
These were:     Speeds:             3.5 km.h-1,  4.5  km.h-1,  5.5  km.h-1,  6.5  km.h-1
           Loads: 20kg,  35kg,  50kg,   65kg
The various combinations of these two interacting independent variables  led to 16 conditions, presented in Table I.
TABLE I: Sixteen conditions involving combinations of speed and load.
SPEED-LOAD C0MBINATIONS
Speed
(km.h-1)
Loads
(kg)
3.5
4.5
5.5
6.5
20
20
20
20
35
35
35
35
50
50
50
50
65
65
65
65
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As it would be excessive to require all subjects to complete  16 conditions, two roughly equivalent strain grids (Grid A and
B) were drawn up comprising 8 conditions each (See Table II).
The 30 male soldiers of mean age of 29 (±3.02) years and 7 years military service were sub-divided into two randomly
assigned groups and allocated to either Grid A or B.  Each subject was assessed under 8 different conditions.   All
subjects were medically cleared by a military  doctor and after being informed about the procedures of the experiment,
signed a letter of informed consent.
Subjects were habituated to walking on the Cybex Trotter 900T, a motorised treadmill in the Ergonomics laboratory at
Rhodes; they were shown how to mount and dismount  the treadmill and during  three habituation sessions they walked
at varying speeds, with and without loads and at various gradients.  During these habituation sessions basic
morphological measures  of stature, mass and body composition were made  and “reference” heart rates recorded. The
average stature of  the group was 1711 (±61.64) mm, and the mean mass was 68 (±8.69) kg. As the focus of the project
was on marching speed and load carried, the substantial range in these two variables should be noted. The shortest
soldier was 1630 mm and the tallest 1860 mm while the range of the mass was from 53kg to 97kg.  Following the process
of treadmill habituation and the demographic measuring sessions, subjects were required to report to the laboratory on
four other occasions.   On each occasion the soldiers were tested under two conditions. During the experiment  all
subjects wore full military uniform, but did not carry a rifle.
TABLE II: Two roughly equivalent strain grids (A and B) were drawn up and 15 subjects randomly assigned to each.
Subjects in each grid were exposed to 8 speed-load conditions as indicated.
Load (kg) Speed (km.h-1)
        3.5                   4.5                    5.5                   6.5
65
50
35
20
A1
B3
A5
B7
B1
A3
B5
A7
A2
B4
A6
B8
B2
A4
B6
A8
It is generally accepted that heart rate bears a close relationship to energy expenditure and cardiac strain (Leger and
Thivierge, 1988; McArdle et al., 1996).  Recent  technological advances have resulted in the development of light-weight
radio telemetric devices which allow for virtually instantaneous on-line monitoring of hear rate.  Vuori (1998) reported that
ambulatory heart rate monitoring allowed for objective and reliable assessment of cardiovascular loading.  Thus on arrival
at the laboratory each individual was fitted with a Polar heart rate monitor around the chest, with the transmitter positioned
on the wrist. Anticipatory heart rates were recorded immediately prior to the treadmill march and working heart rates were
recorded during the 3rd and 6th minutes of the 6-minute treadmill march.
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This paper reports on the cardiac responses of 30 soldiers under 16 different laboratory conditions and is part of a larger
project presently under more detailed metabolic analysis.
FIGURE 1: Two views of the experimental set-up for heavy backpack-loaded treadmill walking.
RESULTS
CARDIAC RESPONSES
Cardiac frequency was recorded prior to, and during, each of the 16 experimental conditions on all 30 subjects. Baseline
reference heart rates were collected during the initial sessions while subjects were seated and rested. The mean
reference heart rate for the group was 70 bt.min-1 which is considered a normal resting heart rate (McArdle et al., 1996).
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Before discussing Anticipatory and Working heart rate responses, it should be noted that subjects,(mean body weight
of 68kg), were transporting 29%, 51%, 73% and 95% of body weight respectively when carrying the 20, 35, 50 and 65kg
loads. It is evident from Table III that anticipatory heart rates were higher prior to carrying the heavier loads compared
to when lighter loads  were  transported. Increasing backpack weight from the lowest weight (20kg) to the two highest
loads (50kg and 65kg) resulted in a significant (p<0.05) increase in anticipatory heart rate. In contrast, there were no
significant differences when speed was the driving force. It could therefore be argued that subjects were more
apprehensive about having to carry a heavy load as opposed to marching at a faster pace. This response was similar
to the findings of Haisman (1988) who found that subjects perceived a heavy load weight to be more difficult than a faster
walking pace.
During the 16 experimental conditions, mean working heart rate responses ranged from 101 bt.min-1 to 173 bt.min-1. The
highest heart rates were recorded during the most extreme condition when subjects marched at 6.5 km.h-1 with a 65kg
backpack load, with the highest individual heart rate recorded during this condition being 189 bt.min-1, which is virtually
maximal heart rate. During this condition (condition B2) the group as a whole was working at 92% of its mean maximum
heart rate (HRmax). This is in contrast to conditions B7 and A7 when subjects were working at 53% and 54% of HRmax
respectively when marching at 3.5 km.h-1 and 4.5 km.h-1 with a 20kg backpack. 
A related t-test revealed no significant difference in working heart rates between the third and sixth minutes under 6 of
the 16 conditions (See shaded areas in Table III), an indication that a steady-state heart rate response was achieved by
the third minute during these conditions. Under all loaded conditions with speeds of 5.5 km.h-1 and higher, there was a
significant (p<0.05) increase in heart rate response between minutes three and six; when the load was increased to 65kg,
irrespective of the speed, significant differences (p<0.05) were noted between the third and sixth minutes. Steady-state
was therefore not achieved during conditions B3, A1, A3, B1, B4, A2, A8, B6, A4 and B2 (unshaded areas in Table III).
Sagiv et al. (1994) reported no significant differences in the heart rate responses of their subjects between 5 and 240
minutes, suggesting that once steady-state is attained the pace of the march can be maintained for up to four hours with
no further increases in cardiac frequency. Despite this it has been reported by a number of researchers that work  duration
will result in further increases in energy cost and that the attainment of steady-state does not necessarily suggest that
the task can be continued for an indefinite period (Epstein et al., 1988; Patton et al., 1991; McArdle et al., 1996). Patton
et al. (1991) argued that it is unlikely that soldiers would be able to continue marching indefinitely once they had reached
steady-state. He attributed this to the concept of “physiological drift”; a theory that takes into consideration other  factors
including increases in body temperature and depletion of fuel stores which are likely to occur with an increase in work
duration. These factors will result in energy cost continuing to rise over time even if steady-state was achieved during the
early stages of exercise. 
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TABLE III: Anticipatory and Working heart rates (bt.min-1) which were recorded during the third and sixth minutes. 
            
CONDITION
Anticipatory Heart
Rate
(bt.min-1)
Working Heart Rate:
minute 2 to 3
(bt.min-1)
Working Heart Rate:
minute 5 to 6
(bt.min-1)
B7 88.53 (12.34)
13.94%
102 (10.80)
10.60%
103 (11.53)
11.19%
A5 88.34 (11.57)
13.07%
104 (12.99)
12.47%
105 (15.36)
14.63%
B3 102.20 (16.30)
15.95%
123 (18.11)
14.67%
127 (18.83)∗
14.88%
A1 100.60 (15.41)
15.32%
131 (24.50)
18.68%
137 (24.71)∗
17.98%
A7 89.27 (10.06)
11.27%
101 (12.65)
12.54%
101 (10.77)
10.65%
B5 96.00 (16.55)
17.24%
120 (16.02)
13.31%
122 (16.54)
13.54%
A3 95.27 (8.47)
8.89%
126 (14.77)
11.71%
130 (15.16)∗
11.67%
B1 116.60 (9.26)
8.29%
151 (16.07)
10.61%
156 (19.39)∗
12.43%
B8 91.94 (14.76)
16.05%
116 (14.52)
12.49%
118 (15.05)
12.74%
A6 87.87 (11.59)
13.19%
125 (19.47)
15.57%
127 (20.68)
16.46%
B4 96.00 (14.91)
15.54%
143 (16.69)
11.64%
150 (18.06)∗
12.06%
A2 97.93 (14.34)
14.64%
156 (19.19)
12.27%
160 (18.05)∗
11.27%
A8 88.00 (11.34)
12.89%
126 (17.31)
13.73%
129 (17.30)∗
13.41%
B6 95.20 (11.53)
12.11%
155 (14.35)
9.28%
158 (16.26)∗
10.27%
A4 90.67 (17.42)
19.21%
159 (14.52)
9.11%
164 (15.37)∗
9.34%
B2 104.80 (16.01)
15.28%
166 (10.54)
6.33%
173 (8.27)∗
4.78%
(Figures in brackets  = standard deviation; % = coefficient of variation; ∗denotes significant difference at p<0.05 between minutes three and six).
Shaded areas indicate conditions under which steady-state was achieved.
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When the load carried amounted to 29% of the mean body weight of the group there was no significant difference in
cardiac frequency when speed was increased from 3.5 km.h-1 to 4.5 km.h-1 (see Figure 2). This range includes the optimal
speed identified by some investigators (Soule et al., 1978; Bunc and Dlouha, 1997) and the “no cost” load identified by
Charteris et al. (1989). However, with further increases in speed there were significant increases in heart rate, and with
an increase in the load to 35kg (now 50% of mean body weight) there was a significant increase in heart rate. It is of
interest to note that while all heart rate responses were significantly higher when carrying the 50kg backpack, the
influence of speed was similar to the responses when carrying 20kg. Figure 2 illustrates that with both 20kg and 50kg
loads there was no difference in heart rate responses with a change in speed from 3.5 to 4.5 km.h-1, but that the next two
speed increments resulted in a significant increase in heart rate.
There was a significant increase (p<0.05) in heart rate when load was increased from 50-65kg even when speed was
within the “optimal range” (see Figure 2). This supports the findings of Soule et al. (1978) who demonstrated that even
when walking at an optimal speed, a heavy load would result in a rise in energetic cost. Once speed was increased to
5.5 km.h-1 there was no statistical difference between a 50kg or 65kg load, supporting the theory put forward by Soule
et al. (1978) and Charteris et al. (1989) that speed drives energy cost more than load.
The responses to carrying the heaviest backpack were significantly elevated compared to the other three loads. However,
carrying 20kg at a speed of 6.5 km.h-1 elicited a heart rate response similar to carrying 65kg at 3.5 km.h-1 and when
carrying 65kg at 6.5 km.h-1 many subjects were virtually at their maximum.
FIGURE 2: Heart rate responses to increments of speed and load (Mean, plus SD; mass carried as indicated).  
Generally heart rates are increased by load increments whatever the speed and speed increments increase heart rates
under any load.  Note however that under extreme stress of speed and load heart rates are effectively maximal.
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CONCLUSION
Conditions B7 (3.5 km.h-1 with a 20kg load), A5 (3.5 km.h-1 with 35kg) and A7 (4.5 km.h-1 with a 20kg load) were clearly
the least taxing conditions while conditions B2, A4, B6, A2, B4 and B1 were the most taxing and indeed it could be argued
that these latter six combinations should not be utilised in non emergency military operations as soldiers will be physically
strained and fatigued by the march.
When heavy loads of 50 to 65kg have to be transported speed should not exceed 4.5 km.h-1, while if speed is of the
essence it  should not exceed 5.5km.h-1 even when carrying 20kg. If these combinations are adhered to the majority of
soldiers would be working in the optimal range of 40-50% of their maximal oxygen consumption and thus would be more
combat efficient on completion of a forced march.
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